Previous studies have suggested that flux through the creatine kinase reaction is coupled to cardiac performance and to the rate of adenosine triphosphate synthesis in the intact, beating heart. To define the effect of passive myocardial stretch on creatine kinase kinetics, we measured the rate constants and chemical fluxes for both directions of the creatine kinase reaction with the 31 P-nuclear magnetic resonance technique of magnetization transfer in isolated, arrested rat hearts at four levels of left ventricular pressure and volume. Adenosine triphosphate synthesis was estimated from oxygen consumption measurements. As left ventricular pressure rose from 0 to 24 mm Hg and oxygen consumption increased by 20%, we observed a twofold increase in the rate constants and fluxes (mean ± SD, n = 4-7) for the creatine kinase reaction. The forward rate constant increased from 0.33 ± 0.03 to 0.80 ± 0.08, and the reverse rate increased from 0.34 ± 0.11 to 0.74 ± 0.32/sec. The forward and reverse fluxes for the creatine kinase reaction increased from 12.0 ± 3.4 to 26.5 ± 5.8 and from 9.1 ± 3.4 to 19.1 ± 3.4 /miol/g dry weight per sec, respectively. At each level of left ventricular pressure, the forward and reverse rate constants were the same. However, as left ventricular pressure increased, the ratio of the forward to the apparent reverse fluxes for the creatine kinase reaction increased. The relationships between the rate constant or flux through the creatine kinase reaction vs. left ventricular pressure were linear. In addition to providing further support for the coupling between creatine kinase and mitochondrial adenosine triphosphate synthesis, these results suggest that flux through the creatine kinase reaction and adenosine triphosphate synthesis increases with myocardial stretch in the intact, noncontracting heart. (Circ Res 58: 378-383, 1986) 
SUMMARY. Previous studies have suggested that flux through the creatine kinase reaction is coupled to cardiac performance and to the rate of adenosine triphosphate synthesis in the intact, beating heart. To define the effect of passive myocardial stretch on creatine kinase kinetics, we measured the rate constants and chemical fluxes for both directions of the creatine kinase reaction with the 31 P-nuclear magnetic resonance technique of magnetization transfer in isolated, arrested rat hearts at four levels of left ventricular pressure and volume. Adenosine triphosphate synthesis was estimated from oxygen consumption measurements. As left ventricular pressure rose from 0 to 24 mm Hg and oxygen consumption increased by 20%, we observed a twofold increase in the rate constants and fluxes (mean ± SD, n = 4-7) for the creatine kinase reaction. The forward rate constant increased from 0.33 ± 0.03 to 0.80 ± 0.08, and the reverse rate increased from 0.34 ± 0.11 to 0.74 ± 0.32/sec. The forward and reverse fluxes for the creatine kinase reaction increased from 12.0 ± 3.4 to 26.5 ± 5.8 and from 9.1 ± 3.4 to 19.1 ± 3.4 /miol/g dry weight per sec, respectively. At each level of left ventricular pressure, the forward and reverse rate constants were the same. However, as left ventricular pressure increased, the ratio of the forward to the apparent reverse fluxes for the creatine kinase reaction increased. The relationships between the rate constant or flux through the creatine kinase reaction vs. left ventricular pressure were linear. In addition to providing further support for the coupling between creatine kinase and mitochondrial adenosine triphosphate synthesis, these results suggest that flux through the creatine kinase reaction and adenosine triphosphate synthesis increases with myocardial stretch in the intact, noncontracting heart. (Circ Res 58: 378-383, 1986) MYOCARDIAL oxygen consumption is governed predominantly by the systolic performance of the heart (Sarnoff et al., 1958; Feinberg et al., 1962; Graham et al., 1972; Bittl and Ingwall, 1985) . Basal metabolism of the heart, comprising 10-20% of the total myocardial oxygen consumption, ranges from 5 to 10 /imol O 2 /g dry weight per min (Whalen, 1960; Cooper, 1981; Bittl and Ingwall, 1985) . In contrast, the basal oxygen consumption of skeletal muscle is an order of magnitude lower, ranging from 0.5 to 1.0 /imol O 2 /g dry weight per min (Crow, 1982; Bockman, 1983; Thompson and Mohrman, 1983) . The oxygen consumption of skeletal muscle and heart papillary muscle can be increased by passive stretch (Lee, 1960; Whalen, 1960; Loiselle, 1982; Loiselle and Gibbs, 1983) , a phenomenon often called the "Feng effect," so named because Feng first observed the effect in 1932 in frog sartorius muscle. Apart from increased oxygen consumption, the metabolic consequences of muscle stretch have not been identified.
Recent 31 P-NMR studies in the contracting heart have shown that flux through the creatine kinase reaction is coupled to the rate of mitochondrial adenosine triphosphate (ATP) synthesis (Kupriyanov et al., 1984; Bittl and Ingwall, 1985) . Suggesting that this phenomenon may underlie the stretch effect in unstimulated muscle, Feng (1932) concluded that "it is possible that a certain high level of phosphagen content [i.e., creatine phosphate (CrP)] is requisite for a clear manifestation of the stretch response." The purpose of this study was to determine whether the Feng effect in the isolated rat heart maintains the coupling between mitochondrial ATP synthesis and flux through the creatine kinase reaction that occurs in beating hearts.
Methods
Male Sprague-Dawley rats were fed ad libitum. The rats, weighing 300-350 g, were anesthetized with 20 mg of pentobarbital sodium, intraperitoneally. The heart was removed through a midline chest incision, rinsed, and perfused with a modified Krebs-Henseleit buffer that con-
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tained 30 mti KCl to replace an equivalent concentration of NaCl. The heart was perfused at 37°C within 45 seconds under a constant pressure of 98 mm Hg with a 1.0-cm length of polyethylene tubing (1.6 mm in diameter) pierced through the apex of the left ventricle to serve as a left ventricular vent. A latex balloon attached to a length of polyethylene tubing was passed through a left atriotomy and across the mitral valve into the left ventricle. By increasing the volume of the left ventricular balloon, we studied hearts at four levels of left ventricular pressure: 0,12, 18, and 24 mm Hg. The empty balloon and attached tubing displaced a volume of 0.11 ml. A volume of 0.35 ml was required to raise the balloon pressure above 0 mm Hg and exceeded the volume of the left ventricle in all hearts in the study. 31 P-NMR spectra were obtained on a Nicolet NT-360 spectrometer operating at 145.75 MHz and interfaced with a Nicolet 1280 computer. Spectra were obtained by signalaveraging 80 scans of a 45° pulse and a 5-second delay. In some studies, magnetization transfer was performed by applying a low-power, narrow-band radiofrequency pulse at the resonance of CrP or [7-PJATP for 0, 0.3, 0.6, 1.2, 2.4, 3.0 or 4.8 seconds (Fig. 1) . Magnetization transfer measurements of creatine kinase flux in vivo were analyzed according to the two-site chemical exchange model of Forsen and Hoffman (1963) . Briefly: a varianceweighted computer program for nonlinear regression was used to fit the relationship between magnetization of CrP to time of saturation at [7-PJATP, or vice versa, to a single exponential function whose slope yields the value for TI, where 1/rl = 1/T1 + k, Tl is the longitudinal relaxation time for CrP or [7-PJATP, and k is the unidirectional rate constant for the forward or reverse reaction during saturation at [7-PJATP or CrP, respectively. Use of the two- Circulation Research/Vol. 58, No. 3, March 1986 site chemical exchange model assumes that the chemical exchange between CrP and ATP exceeds the rates of ATP synthesis and degradation by an order of magnitude and produces the expected equivalence of forward and reverse creatine kinase fluxes under the conditions of low oxygen consumption (as an index of ATP synthesis) used in this study.
In other studies, spectra were obtained after saturation at [7-PJATP for 4.8 seconds or at CrP for 3.0 seconds. These are saturation times that have been shown to reduce the magnetization at CrP or [7-PJATP, respectively, to within 5% of asymptote (Ingwall et al., in press) , thus providing an estimate of magnetization at infinite time. Tl values for CrP or [7-PJATP have been shown to be independent of cardiac performance and the level of oxygen consumption in the isolated, well-perfused rat heart (BittI and Ingwall, 1985) . We used Tl values of 2.32 seconds for CrP and 0.98 seconds for [T-P] ATP. In this case, we calculated the unidirectional rate constants for the creatine kinase reaction from the relationship: T1/T1 = Mo/Moo, where M o is the magnetization in the absence of saturation and M<» is the magnetization of CrP or [7-P] ATP after 4.8 or 3.0 seconds of saturation at [7-P]ATP or CrP, respectively.
The content of creatine phosphate and ATP in heart was calculated from the NMR results, using a value of 25 fimol/g dry weight for heart muscle ATP (Ingwall, 1982) .
Oxygen consumption was derived from measurements of the oxygen tension in the perfusion medium 10 cm above the level of the aortic valve and in the coronary effluent with a Clark-type electrode (Johnson Laboratories, University of Pennsylvania). We calculated oxygen consumption in hearts subjected to identical conditions by using the equation: oxygen consumption = (aortic -coronary O 2 tension) X (coronary flow) x (fimo\ O2 in solution at 37°C/mm Hg partial pressure) -=-(g dry weight) (Neely etal., 1967) .
Statistical analysis was aided by the Statistics and Data Management Program of Bolt, Beranek, and Newman (VAX 11/780 computer). The effect of left ventricular pressure on left ventricular volume, oxygen consumption, coronary flow, creatine phosphate content, and on the rate constants and fluxes for the creatine kinase reaction was tested by using the multiple range test of Newman-Keuls if a significant effect was proved by one-way analysis of variance (Zar, 1974) . Differences between varianceweighted linear regressions were tested by comparing the parameters for the regressions (Zar, 1974) . All data are presented as mean ± SD.
Results
In the KCl-arrested heart, an increase in left ventricular volume above 0.11 ml produced an increase in left ventricular pressure. The relationship between passive left ventricular volume and pressure (Fig. 2) approximated an exponential function. As left ventricular pressure rose from 0 to 24 mm Hg, the left ventricular volume increased from 0.11 ± 0.01 to 0.18 ± 0.01 ml, an increase of 64%. Increases in passive left ventricular pressure from 0 to 24 mm Hg did not affect coronary flow in the isolated, arrested preparation. Coronary flow ranged from 12.4 ± 0.9 to 13.0 ± 0.7 ml/min (NS) at left ventricular pressures of 0 and 24 mm Hg, respectively. Myocardial oxygen consumption increased slightly as left ventricular pressure rose (Table 1) . Only a trend toward an increase in oxygen consumption was seen at left ventricular pressures of 12 and 18 mm Hg compared to 0 mm Hg. However, at a left ventricular pressure of 24 mm Hg, oxygen consumption had increased by 20% from 8.3 ±1.5 to 10.0 ± 1 . 3 jttmol O 2 /g dry weight per min (P < 0.01). This corresponds to an increase in ATP synthesis from 0.8 ± 0.1 to 1.0 ± 0.1 ^mol ATP/g dry weight per sec if an ADP:O 2 ratio of 3.0 is used.
Using magnetization transfer, we estimated the values for the rate constants and for flux for both the forward and reverse creatine kinase reaction in the arrested hearts. As left ventricular pressure increased from 0 to 24 mm Hg and left ventricular volume rose from 0.11 to 0.18 ml, the unidirectional rate constants for the forward creatine kinase reaction increased by about a factor of two ( Fig. 3) . At each level of left ventricular pressure the forward and reverse rate constants were statistically indistinguishable.
As left ventricular pressure rose from 0 to 24 mm Hg, the content of creatine phosphate and ATP in the heart muscle did not change. Creatine phosphate content was 36.7 ± 0.3 at 0 mm Hg and 36.9 ± 0.2 jtmol/g dry weight at 24 mm Hg.
Flux through the creatine kinase reaction also increased with left ventricular pressure in a linear manner (Fig. 4) . The forward flux exceeded the reverse flux at each level of left ventricular pressure, and the apparent discrepancy increased with left ventricular pressure. Flux in both the forward and reverse directions of the reaction increased by about a factor of two over the range of left ventricular pressure of 0 to 24 mm Hg. The left ventricular pressure (LVP) was raised in the KCI-arrested rat heart by increasing the volume of the left ventricular balloon. ATP synthesis rates (^mol ATP/g dry weight per sec) were based on measurements of oxygen consumption (jimol O 2 /g dry weight per min) and an ADP:O2 ratio of three. Creatine kinase rate constants (k, per sec) and flux values (F, /imol/g dry weight per sec) for both the forward (for) and reverse (rev) reactions were measured by using the 31 P-NMR technique of magnetization transfer. All data are presented as mean ± SD.
* P < 0.05 indicates a significant change from baseline (left ventricular pressure = 0 mm Hg).
Discussion
Using the NMR technique of magnetization transfer, we estimated flux through the creatine kinase reaction in the isolated, arrested rat heart at four levels of left ventricular pressure and volume. As left ventricular pressure increased from 0 to 24 mm Hg, left ventricular volume increased by 64% and oxygen consumption of the preparation increased by 20%. The NMR studies showed that flux through the creatine kinase reaction increased by a factor of 120%. Feng (1932) showed that passive stretch increased the rate of heat loss and oxygen consumption in sartorius muscle of frog. Observing the stretch effect in isolated rabbit papillary muscle, Loiselle and Gibbs (1982, 1983) demonstrated that resting heat release in stretched muscle cannot be ascribed to increased oxygen delivery to an anoxic core that may exist in fully relaxed muscle. In rat trabeculae carnae, Whalen (1960) showed that oxygen consumption increased by 0.8% for every 1% increase in muscle length. Assuming that a myocardial segment in the intact heart increases with the cube root of the volume, we observed that oxygen consump- tion increased by 1.1% for every 1% increase in myocardial segment length, in good agreement for the value for trabeculae carnae. Thus, these results suggest that the Feng effect also occurs in the isolated, intact heart. Previous studies have demonstrated coupling between myocardial oxygen consumption, an index of mitochondrial ATP synthesis, and creatine kinase flux in beating hearts (Kupriyanov et al., 1984; Bittl and Ingwall, 1985) . The current study provides evidence of coupling between oxygen consumption and flux through the creatine kinase reaction in the noncontracting heart. It is useful to compare the results from the noncontracting heart to the beating heart. The study presented here shows that the rate constants for the creatine kinase reaction are equal at each level of oxygen consumption. The same observation was made for the beating heart (Bittl and Ingwall, 1985) . In the KCl-arrested heart, flux for the forward creatine kinase reaction apparently exceeds reverse flux, a pattern that is observed in the beating heart. The discrepancy increases with oxygen consumption. Since the content of creatine phosphate remained constant, the discrepancy between the fluxes for the forward and reverse directions of the creatine kinase reaction does not represent "net" creatine phosphate synthesis. Rather, these results suggest that the two-site chemical exchange model may underestimate the reverse flux by neglecting the participation of ATP in reactions other than creatine kinase and/or ATP compartmentation. In the arrested heart, flux through the forward creatine kinase reaction increased by a factor of 2.2 and oxygen consumption increased by a factor of 1.2 as left ventricular pressure increased from 0 to 24 mm Hg. Thus, flux through the creatine kinase reaction increases with oxygen consumption at a gain of 1.8 in the arrested heart. In the beating heart, we observed a gain of 0.5 over an 8-fold range of oxygen consumption (Bittl and Ingwall, 1985) . However, consistent with the results reported here, the relationship was a hyperbolic one with the greatest instantaneous slope at the lowest levels of oxygen consumption.
The high level of oxygen consumption in the noncontracting heart, relative to resting skeletal muscle, primarily reflects the energy demands of the Na + ,K + -ATPase reaction, calcium cycling across the sarcoplasmic reticulum, and macromolecular synthesis. Gibbs and Gibson (1969) have suggested that the Na + ,K + -ATPase reaction probably contributes about 10% of the energy needs during basal metabolism in heart muscle. Calcium oscillations across the sarcoplasmic reticulum may require about 30% of the basal energy needs of heart under normal conditions (Chapman et al., 1977; Gibbs and Loiselle, 1978) ; however, this may rise during perfusion with media that contain low sodium or under conditions that favor calcium loading of the heart (Renlund et al., 1985) . Under physiological condi-Circulation Research/Vol. 58, No. 3, March 1986 tions, the energy requirements for protein synthesis may comprise a significant proportion of the basal metabolic needs in the noncontracting heart. Several studies suggest that such energy needs may respond to prolonged periods of passive stretch. For example, uptake of the amino acid analog, a-aminoisobutyric acid, by isolated right ventricular papillary muscle increased by a factor of two when the muscle was stretched passively with a tension of 4.0 g, but increased incorporation of labeled phenylalanine into protein did not appear unless stretch persisted for more.than 180 minutes (Lesch et al., 1970) . Isolated hearts that were perfused by the Langendorff technique showed decreased protein degradation and increased protein synthesis when they were perfused at 120 mm Hg for more than 60 minutes compared to 60 mm Hg (Gordon et al., 1984) . The relationship between passive stretch and protein synthesis may have implications for normal cardiac growth and for hypertrophy. For example, Holly et al. (1980) demonstrated histological evidence of skeletal muscle hypertrophy in chicken wing muscles that were subjected to passive stretch for 1-5 weeks. The 20% incidence in oxygen consumption that accompanied myocardial stretch in this study appeared within 5 minutes and, based on the results of the foregoing studies, probably preceded new protein synthesis.
The results presented here suggest that myocardial stretch increases flux through the creatine kinase reaction. Flux through the creatine kinase reaction has been demonstrated to be coupled to mitochondrial oxidative phosphorylation (Bessman and Fonyo, 1966; Jacobus and Lehninger, 1973; Saks et al., 1975; Kupriyanov et al., 1984; Bittl and Ingwall, 1985) , the Na + ,K + -ATPase (Grosse et al., 1980) , and the myofibrillar ATPase . We speculate that myocardial stretch enhances creatine kinase flux by increasing the flux through these or other pathways that may be coupled with the creatine kinase reaction.
